Ceramide generated by this reaction acts as a second messenger and is capable of initiating cell type-specific signaling events. Apoptosis is the most commonly recorded biological event in response to ceramide production in mammalian cells.
Two types of cellular SMases capable of signaling have been defined based on their optimum pH. They are known as neutral and acid SMases. Neutral SMases (NSMases) are expressed by most cell types. They are either membrane-bound and Mg 2+ -dependent, or cytosolic and cationindependent. Recently, Stoffel and co-workers reported the cloning of a putative Mg 2+ -dependent mammalian NSMase. 4 Whether this is actually a NSMase or a non-specific phosphodiesterase will require further investigation.
Acid sphingomyelinases (ASMases) are ubiquitously expressed in mammalian cells, possessing an optimum pH between 4.5-5.5. The pH dependence of this enzyme activity reflects substrate recognition rather than catalytic efficiency. Hence, ASMase can function even at neutral pH if sphingomyelin is presented in a LDL-particle. 5 ASMases exist either as low molecular weight intracellular or high molecular weight secreted forms, most probably as a result of post-transcriptional processing of the primary gene product. 6 ASMase is a Zn 2+ -stimulatable enzyme. Tabas and co-workers observed that macrophages, fibroblasts and endothelial cells produce substantial amounts of this high molecular weight secreted form. Secretion of ASMase can be augmented by cytokine stimulation, probably via increasing the flux of the ASMase precursor through the Golgi-secretory pathway. Although subcellular localization of sphingomyelin hydrolysis has not been fully defined and characterized, there is emerging evidence suggesting that caveolae, plasma membrane microdomains enriched in sphingolipids, may be important sites for ligand-induced sphingomyelin hydrolysis via ASMase. 7, 8 Based on numerous reported observations, both NSMase and ASMase have been implicated in stress-induced apoptosis. 2, 9 Various studies have collectively demonstrated that diverse stresses (oxidative, UV, ionizing radiation, heat, flow, cytokines, chemotherapeutic agents) activate the sphingomyelin pathway during signaling of the death response, arguing for a role for sphingomyelin metabolism in mediating stress-induced apoptosis. [9] [10] [11] [12] The direct involvement of ceramide in apoptosis is supported by the observation that, in most instances, analogs of ceramide -but not other lipid second messengers -are capable of mimicking the death response. In addition, the effect of ceramide analogs is stereospecific since analogs of the natural precursor for ceramide, dihydroceramide, fail to induce apoptosis. Moreover, genetic models of SMase deficiency that lack ceramide generation do not undergo apoptosis upon exposure to stresses. 13 B cells from patients with Niemann-Pick disease (NPD), a genetic model of ASMase deficiency, fail to respond to ionizing radiation with ceramide generation or apoptosis, and retroviral transfer of the ASMase gene restores both events. 13 Similarly, ASMase knock-out mice manifest a deficit in radiation-and endotoxin/TNF-induced ceramide generation and apoptosis in endothelium, with no defect in p53-mediated death of thymocytes (Fig. 1) . 13, 14 Although it is generally accepted that proteases of the caspase family mediate the execution phase of apoptosis, upstream signaling events leading to programmed cell death have not been fully elucidated. Considerable effort has attempted to order, at the molecular level, the different components of the apoptotic program. Special attention has been given to illustrating the relationship between SMase activation, ceramide generation and caspase activation. TNFα-induced ceramide generation via NSMase or ASMase may occur either as an acute transient or a delayed sustained response depending on the effector systems activated by the TNF receptor. NSMase and ASMase are activated rapidly by distinct cytoplasmic domains of the TNF-R55 receptor. 15 Acute ASMase activation has been positioned downstream of the death adaptor proteins TRADD and FADD/MORT1 and upstream of effector caspases. [16] [17] [18] On the other hand, rapid ceramide generation via NSMase is mediated by association of the adaptor protein FAN with the neutral sphingomyelinase domain (NSD) of TNF-R55. 19, 20 This contention is supported by the observation that cells from FAN-deficient mice are defective in TNF-induced NSMase activation. 21 Ceramide generated by this mechanism involving NSMase is not linked to apoptosis since TNF-induced apoptosis was normal in FAN-deficient animals. 21 In a recent report, activation of c-raf-1 kinase by the TNF receptor appeared to require FAN-activated NSMase, suggestive of a potential role of NSMase in MAPK activation. 22 Alternatively, prolonged NSMase activation may result from generation of reactive oxygen species (ROS) in response to TNF as physiological levels of glutathione, which are depleted in response to ROS, inhibit NSMase activation. [23] [24] [25] This event also depends on initiator caspase activity. Activation of either NSMase or ASMase through CD95 (FAS/APO-1) is similarly dependent on the prior activation of initiator caspases. [26] [27] [28] [29] [30] In contrast to cytokine-induced ceramide generation, environmental and therapeutic stress-induced ceramide production is rapid and is independent of cytokine receptors and initiator caspases. In this regard, ceramide generation in response to the thymidylate synthase inhibitor GW1843 which activates both NSMase and ASMase, 31 anti-IgM which specifically signals through ASMase, 32 hypoxic damage via NSMase, 33 dexamethasone-induced thymocyte apoptosis via ASMase, 34 and daunorubicininduced apoptosis in leukemic cell lines via NSMase 35 are not affected by inhibition of caspase activity. Furthermore, ionizing radiation 36 and H 2 O 2 37 activate SMases in isolated membranes.
As a sensor of stress response signals, ceramide likely couples to the intracellular second messenger systems available in the specific cell type of interest. However, the general mechanism by which ceramide can signal apoptosis in response to stress remains to be clearly
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Fig. 1. Radiation-induced apoptosis in thymic and lung tissue of p53 knockout mice (p53-/-) and ASMase knockout mice (ASMase-/-). Lung and thymic specimens were stained 10 h after 20 Gy whole body irradiation. 5 µm sections of fixed tissue were used for TUNEL assays to detect apoptosis. Apoptotic nuclei are identified by brown-yellow staining due to the diaminobenzidine used while normal nuclei stain blue due to counterstaining with hematoxylin. ASMase knockout mice display a deficit in radiation-induced apoptosis in endothelium (which is normal in p53 knockout animals), but no defect in p53-mediated death of thymocytes, indicating that radiation-induced endothelial apoptosis is mediated by ASMase. Reprinted from Santana et al. characterized. Tremendous effort has been directed at addressing these challenging and complex issues to help unravel the molecular mechanisms underlying the action of ceramide in apoptosis. It is postulated that ceramide may signal, via the JNK/SAPK system (see below), a transcriptionally dependent apoptotic event, or a transcriptionally independent death response through a pathway related to mitochondrial dysfunction. The former may involve transcriptional up-regulation of pro-apoptotic molecules (Fas ligand, TNFα, TRAIL) 38, 39 or down-regulation of anti-apoptotic proteins such as bcl-2. In this regard, Debatin and co-workers recently reported that CD95 ligand was not up-regulated in NPD fibroblasts defective in UV-and anthracycline-induced ceramide generation and apoptosis, and ceramide analogs restored CD 95 ligand up-regulation and the death response. 38 Ceramide may also signal apoptosis by affecting mitochondrial function. Kroemer and colleagues have demonstrated that ceramide is able to regulate mitochondrial permeability transition, generation of ROS, and release of apoptosis initiating factors in cytoplasts from murine 2B4.11 T cells. 40 This effect of ceramide was indirect and required unknown cytosolic signaling molecules. Uniformly, ceramide-induced death responses mediated by mitochondrial dysfunction are inhibited by anti-apoptotic bcl-2 family members.
In summary, the sphingomyelin pathway is a generic evolutionarily conserved stress response system that links downstream to caspase-mediated apoptosis by both transcriptionally dependent and independent mechanisms. Its precise role in apoptosis is the topic of ongoing investigation.
c-jun KINASE
The JNK family of MAP kinases, also known as stressactivated protein kinases (SAPKs), represent a group of enzymes that are activated by exposure of cells to cytokines and environmental stresses. [41] [42] [43] Like the sphingomyelin pathway, the JNK pathway is evolutionarily conserved and represents one of three MAP kinase cascades. In contrast to the extracellular response kinases (ERK) which transmit primarily mitogenic/differentiation signals, the JNK cascade is a stress response system activated by stresses similar to those signaling ceramide 218 Xing, Kolesnick generation. [41] [42] [43] Proteins of the JNK family are encoded by three distinct genes, jnk1, jnk2 and jnk3. Transcripts derived from these genes are alternatively spliced to give rise to 10 isoforms. Various forms of stress stimulate an ever-enlarging set of upstream kinases that transmit signals through a small group of MAP kinase kinases (MKKs) to activate different members of the JNK family. Downstream targets of JNK consist of a group of transcriptional factors (ATF2, Elk-1, c-Jun, NFAT4) whose transcriptional activity can be regulated by JNK (Fig. 2) . As observed with ceramide signaling, the outcome of JNK action is both cell-specific and contextdependent, with cell growth, differentiation or apoptosis as potential biological consequences. JNK activation is mediated by dual phosphorylation on Tyr and Thr by either MKK4 or MKK7. JNK activity can be inactivated by Ser/Thr and Tyr MAP kinase phosphatases, such as MKP-1. The presence of two MAP kinase activators upstream of JNK in mammalian cells suggests that stress signaling may have built in redundancy or that MKK4 and MKK7 might respond differentially to different stimuli.
Numerous studies have addressed the role of JNK in stress-induced apoptotic responses and have yielded a complex picture of JNK action. While about two-thirds of these reports support a pro-apoptotic role for JNK, the other one-third of the reports argue convincingly for an anti-apoptotic function for JNK. Very little is known about the mechanisms underlying the anti-apoptotic function of JNK. A recent study 44 suggests that this could be achieved by modulation of the activities of a group of inhibitors (c-IAP1, c-IAP2 and hILP) of caspase activation. [44] [45] [46] [47] Selective activation of JNK1 is necessary for the anti-apoptotic activity of hILP. 44 In another study, MKK4 deficient mice were embryonic lethal due to massive apoptosis-induced defects in liver formation, indicating that MKK4 provided a crucial and specific survival signal for hepatocytes. 48 The evidence for proapoptotic function of JNK originally arose from studies showing that these kinases are rapidly turned on in cells committed to undergo apoptosis. Further, overexpression of JNKs results in apoptosis in some cells, and introduction of anti-sense JNK, the use of dominant negative constructs, or overexpression of the cytoplasmic inhibitor of JNK JIP-1 attenuated the apoptotic response. 10, [49] [50] [51] [52] [53] [54] [55] [56] [57] Few recently published studies using mice deficient in the JNKs (Jnk1, Jnk2 and Jnk3) or cells from these mice provide additional evidence for a proapoptotic function of JNKs. Mice deficient in Jnk1, Jnk2, Jnk3, and Jnk1/Jnk3 or Jnk2/Jnk3 double mutants all developed normally. 58 However, Jnk2 deficient mice were defective in activation-induced peripheral T-cell apoptosis. 59 In mice deficient in Jnk3, which is restricted to the brain, there was a significant decrease in seizure activity and hippocampal apoptosis in response to the excitotoxic glutamate-receptor agonist kainic acid. 60 Compound mutants lacking jnk1 and jnk2 genes were embryonic lethal due to severe dysregulation of regionspecific apoptosis during early brain development. 58 Different results in studies evaluating the role of JNK in apoptosis are undoubtedly contributed to by the quality of available reagents. To date, none of the antibodies generated can distinguish precisely among different members of the JNK family, making it nearly impossible to assign pro-or anti-apoptotic functions in a given cell or in response to any particular stress. This has also greatly limited our ability to define the subcellular localization of specific isoforms during induction of apoptosis. Furthermore, the upstream kinases that regulate JNK during specific signaling events are poorly characterized and understood. Nevertheless, some themes have emerged over the last two years. Recently, a novel MAP kinase kinase kinase termed apoptosis signal-regulated kinase-1 (ASK-1) has been shown to commit JNK to signal apoptosis through MKK4 in response to TNF 61 or via a death domain binding protein DAXX in response to Fas ligand. 61, 62 It appears that TRAF2 signaling of JNK activation is anti-apoptotic, 63 whereas ceramide signaling is pro-apoptotic. 10, 51 With respect to this later event, ceramide is capable of signaling JNK activation by either activating a small G-protein Rac1 51 or the MAP kinase kinase TAK1. 64 However, TAK1-mediated JNK activation has not yet been clearly linked to apoptosis. ASMase may be the isoform of SMase responsible for JNK activation. In this regard, Dong and co-workers found that ASMase activity is essential for UV-induced JNK activation as NPD cells were defective in this response and ceramide analogs bypassed the blockade. 65 It is clear that JNK activation by stress can also occur independently of ceramide generation and the extent of JNK activation through ceramide is presently unknown. Ceramide generation and JNK activation in response to stress signals may occur sequentially leading to transcriptional regulation of pro-apoptotic signals, 69 or independently yet act coordinately, to signal apoptosis. JNK activation may be signaled by compartments other than membrane. In this regard, Green and co-workers recently showed that JNK mediated DNA damage-induced apoptosis of T lymphocytes in response to etoposide. 66 Furthermore, the mode of JNK activation may affect the ultimate outcome. Evidence suggests sustained, but not transient, JNK activation signaled apoptosis in response to edelfosine treatment, while transient activation of JNK by the same stimuli resulted in monocyte differentiation. 67, 68 JNK may also signal apoptosis via transcriptionally-independent mechanisms. One recent report demonstrated that JNK-mediated apoptosis could be achieved by inactivation of bcl-2 via direct phosphorylation of serine and threonine residues in the activation loop. 69 Other members of the bcl-2 family such as caspases or Apaf-1 might also serve as downstream effectors of transcriptionally/translationally-independent actions of JNK on apoptosis.
CONCLUSIONS
In summary, the sphingomyelin/ceramide and JNK pathways represent two evolutionarily conserved stress response systems. They may act independently or cooperatively to initiate cell-type specific responses to various stress stimuli. Although ceramide activation of the JNK cascade has attracted significant attention, to what extent JNK activation relies on ceramide generation awaits further investigation. Improvement of the quality of research reagents is essential for delineating the molecular mechanism of JNK-mediated apoptosis. It will also enable us to further elucidate interactions between distinct apoptotic pathways and to improve our knowledge about biologically important signaling events after exposure to stress.
